differs notably from the well known daunomycin and aclacinomycin groups of anthracyclines since its aglycone has the opposite stereochemistry in ring A (IS,95), a methyl group instead of an ethyl group at C-9 and methoxy groups at C-2 and C-8. Most anthracyclines contain an aminosugar, whereas the sugar attached to steffimycinone, the aglycone of steffimycin, is 2-0-methylrhamnose. Presumably, the absence of an aminosugar influences the biological activity since, in contrast to most anthracyclines, steffimycin does not have significant antitumor activity.
Daunomycinand doxorubicin, the membersof the daunomycin group of anthracyclines, are widely used cytostatic agents in cancer chemotherapy. For this reason the biosynthetic studies of anthracyclines have been mainly focused on the daunomycin group. As a result, the molecular genetics of daunomycinbiosynthesis is almost completely resolved, since the genes responsible for most biosynthetic steps have been cloned and identified.3~5)
The early steps in the anthracycline pathway proceed as described for the other aromatic polyketides. 6) Here we report the characteristics of the products of S. steffisburgensis ATCC27466,in the culture conditions described below. The products did not contain a methoxy group at C-8, even though this is characteristic of the steffimycins isolated previously from S. steffisburgensis or S. elgreteus.2'7'8) In our approach to find new anthracyclines by the hybrid antibiotic technique,9) we have cloned the gene cluster from the nogalamycin producer, S. nogalater and characterized some of the genes by expression studies and sequence analysis.10'1^The products generated by introducing the nogalamycin ketoreductase and aromatase genes into S. steffisburgensis are 2-demethoxy steffimycins.
Materials and Methods
Bacterial Strains and Plasmids S. lividans TK24 was provided from John Innes Centre Erlenmeyer flask and growth was allowed to continue for 3 to 5 days in a shaker (330 rpm, 30°C). The 60ml seed culture was transferred into a 10 liter fermenter filled with E4 medium. A typical fermentation was carried out for five days at 28°C at 500 rpm with aeration 15 liter/minute. Cells and supernatant were separately extracted with MeOH-dichloromethane (1 : 3). The combined extracts were vacuumconcentrated and precipitated from acidic EtOAc-hexane (1 : 10). HPLCchromatogram of the precipitate indicated three major compounds and several minor ones both in the wild type and Sst/pSY6.
The whole precipitated fraction was loaded onto a silica-flash-column and eluted with CHCl3-AcOH (10:0.1) with an increasing amount of methanol. Separate fractions were further purified on an oxalic acid modified silica column, eluting with CHC13-EtOAc-MeOH-AcOH (250: 50: 5:0.5).
Spectroscopic and Other Methods
XHNMR and 13C NMR spectra were taken on a JEOL JNM-GX400 spectrometer using 5 mmtubes with DMSO-4 as solvent, and both XH NMRand 13C NMR produced in the same proportion in the wild type culture. Nevertheless, we considered compound 1 as the main product in the complex, since its portion was about 50% in a typical fermentation. The temporal appearance of the compoundswas irregular, making it almost impossible to follow the conversion of these three forms of 8-demethoxy steffimycins (compound 1 is 8-demethoxy steffimycin C8), 2 is 8-demethoxy steffimycin and 3 is 8,2'-demethoxy steffimycin C). On ISP2 agar the strain sporulates poorly, whereas on ISP4 it sporulates well. However, three different phenotypes were detected on ISP4. Blue and white spore-bearing aerial hyphae was noticed in the colonies. Based on our studies it is possible that the colonies possessing white spores were changed into blue. In any case, the blue spore pigment developed later than the white aerial hyphae. After several rounds of cultivation some bald colonies, which did not possess aerial mycelia, were also grown on agar. These colonies were not a suitable inoculate for steffimycin production, since no colored compounds were obtained from the culture broth.
Expression of the Nogalamycin Biosynthesis
Genes in S. steffisburgensis S. steffisburgensis was transformed quite efficiently with the plasmid preparations isolated from S. lividans TK24 (104 transformants//ig plasmid DNA). Several separate clones were used to study the formation of hybrid products. The transformants were picked up on ISP4-agar supplemented with thiostrepton and used to inoculate 60ml of E4-medium. The altered product profile as compared to that of the wild type was first observed in the crude extract of Sst/pSY6 culture broth. The structural analysis of the products revealed the presence of 2,8-demethoxy steffimycins, suggesting that the absence of the methoxy group at C-2 (4, 2,8,2/-demethoxy steffimycin C) was caused by the genes for nogalamycin biosynthesis.
In nogalamycin biosynthesis, KRreduces position 2 and based on the action of an ARO,a hydroxyl group is removed resulting in the first aromatic ring (D). According to the proposed biosynthetic pathway of anthracyclines (Fig. 3) , we concluded that the sno genes for KRand AROare responsible for these modifications. That is why the clone, Sst/pSYE35, carrying the genes for aromatase and ketoreductase expressed from the ermE promoter was prepared. As expected, the production profile was similar to that of Sst/pSY6, thus demonstrating that the genes snoD and snoE encoding KRand ARO,respectively, caused the absence of the methoxy group at position 2 in the hybrid compound.
Sst/pSY24 carrying the gene for KR, failed to generate 2,8-demethoxy steffimycins.
Structure Elucidation of 8-Demethoxy Steffimycins
Compounds1, 2 and 3 had similar UV-spectra in methanol (maximal absorptions at 280 and 440nm) referring to an anthraquinone ring system. Compound 4 showed an otherwise similar spectrum except maximal absorptions were shifted 10 nm to lower wavelengths. All compounds changed color in basic conditions indicating the presence of enolic hydrogens. The structure of 3 was close to 1; it has a hydroxyl group at position 2' instead of the methoxyl in 1. In the proton spectrum the methoxy resonance of 1 at 3.4ppm was absent, and the signal of the proton 2' was shifted 0.35 ppm down field. Small changes in chemical shifts and couplings throughout the sugar ring were observed, as well. Otherwise the spectrum was quite similar to that of1.
Compound4 indicated changes in the ring D, and three adjacent protons were observed. Otherwise the spectrum of 4 matched with that of 3.
Discussion
We have presented the structures of steffimycin-like anthracyclines lacking a methoxy group at C-8 and the hybrid compounds possessing no substituent at C-2 as is typical for many anthracyclines.
The fact that no steffimycin with a methoxy group at C-8 was obtained is presumably due to the lack of expression of the gene responsible for the hydroxylation and methylation of C-8. This could be due to, for example, a mutation of the gene responsible for adding a hydroxyl group to position 8 or to the cultural conditions if in the growth conditions we used, the biosynthesis did not proceed completely. On the basis of the presence of 1-4 in the culture broth, the last steps in the proposed reaction sequence in the steffimycin pathway are methylation of C-2', modification of position 10 and an addition of a methoxy group at position 8. In the formation of manyaromatic polyketides it is common to see a concomitantaction of the KRand AROenzymes.16) KR acts on C-9 (corresponding C-2 in anthracyclines) of the nascent polyketide chain (Fig. 3 ) and subsequently AROcatalyzes dehydration and cyclization of the first carbocyclic ring.16) However, if a reduction does not take place, the ring closure and aromatization is dictated either by the minimal PKS or by another enzyme. This model has been derived from studies on tetracenomycin biosynthesis.6) Though steffimycin biosynthesis has not been studied well, it is probable that it proceeds as described for tetracenomycin C and the first ring closure of a hypothetical unreduced 
